Introduction
============

Polycomb group (PcG) genes are epigenetic regulators that form polycomb repressor complexes responsible for gene silencing through post-translational histone modifications ([@b1-ol-0-0-5753]). The two distinct PcG complexes in mammals are polycomb repressive complex (PRC) 1, which completes gene silencing through histone H2A ubiquitylation, and PRC2, which mediates histone H3 lysine 27 trimethylation ([@b2-ol-0-0-5753],[@b3-ol-0-0-5753]).

PcG proteins were initially identified as transcriptional repressors that control body segmentation in *Drosophila* ([@b4-ol-0-0-5753]). PcG proteins have been the focus of investigation in previous cancer studies. For example, enhancer of zeste homolog 2 (EZH2) and BMI1 proto-oncogene polycomb ring finger are upregulated in a number of human cancers, including breast carcinoma, colon carcinoma, liver carcinoma and lung carcinoma, and are associated with tumor aggressiveness ([@b5-ol-0-0-5753]--[@b9-ol-0-0-5753]).

However, the PcG expression patterns in gliomas have not been systematically investigated to date. Thus, the Chinese Glioma Genome Atlas (CGGA) database was systematically analyzed for the expression of all PcG genes ([@b10-ol-0-0-5753]). A total of six PcG genes were identified to be closely associated with glioma grade. Furthermore, survival analysis revealed a five-PcG gene signature; consisting of one protective gene (EZH1) and four risky genes \[EZH2, PHD finger protein 19 (PHF19), DNA (cytosine-5-)-methyltransferase 3α (DNMT3A) and DNA (cytosine-5-)-methyltransferase 3β (DNMT3B)\], which could identify patients with high risk of poor survival in gliomas regardless of World Health Organization (WHO) grades.

Materials and methods
=====================

### Patients and samples

Two large gene expression-profiling cohorts of gliomas were used in the present study. The training data from the CGGA ([www.cgcg.org.cn](www.cgcg.org.cn)) included 58 astrocytomas, 18 oligodendrogliomas, 21 oligoastrocytomas, 8 anaplastic astrocytomas, 11 anaplastic oligodendrogliomas, 15 anaplastic oligoastrocytomas, 4 secary glioblastoma (GBMs) and 85 primary GBMs. A total of five normal brain tissue samples were added, subsequent to informed consent being obtained from patients with severe traumatic brain injury that requires post-trauma surgery, and from patients who had undergone surgery for primary epilepsy. All 220 glioma patients underwent surgical resection between January 2005 and December 2009 and subsequently received radiation therapy and/or alkylating agent-based chemotherapy at Beijing Tiantan Hospital (Beijing, China) ([@b11-ol-0-0-5753]). Use of the patient data was approved by the institutional review boards of all hospitals involved (Beijing Tiantan Hospital; The First Affiliated Hospital of Nanjing Medical University, Nanjing, China; and Tianjin Medical University General Hospital, Tianjin, China), and written informed consent was obtained from all selected patients ([@b11-ol-0-0-5753]). Furthermore, the validation dataset GSE16011 was downloaded from a previous study ([@b12-ol-0-0-5753]). This independent dataset consisted of 284 samples (159 cases of GBM, 52 cases of oligodendrocytoma, 8 cases of pilocytic astrocytoma, 28 cases of oligoastrocytoma, 29 cases of astrocytoma and 8 cases without tumors).

### Analysis

#### Statistical analysis

Student\'s t-test was used to analyze differences in each two-group comparison, and one-way analysis of variance was used to determine the difference among at least three groups. All data are presented as the mean ± standard error. Kaplan-Meier analysis was employed to assess the survival rate of patients. P\<0.05 was considered to be a statistically significant difference Statistical analysis were performed using IBM SPSS, version 19.0, software for Windows (IBM SPSS, Armonk, NY, USA).

#### Differential gene expression

Significance analysis of microarrays was applied to identify differentially expressed genes between normal brain tissues and glioma samples of all grades. Student\'s t-test was used to determine significant differences. Genes were considered differentially expressed if they showed a fold-change \>1.4 with a false discovery rate of 0.05.

#### Survival analysis

First, 37 cases and 6 cases with insufficient survival data from the CGGA and GSE16011 data were excluded from survival analysis. Cox\'s proportional hazard regression analysis was then performed by employing the BRB array tool on the microarray cohort. A permutation test was conducted using 10,000 permutations. A total of 5 PcG genes were associated with survival (P\<0.0001). The significant PcG genes were divided into risky and protective types. Risky PcG genes were defined as those genes with a hazard ratio for mortality \>1. By contrast, protective PcG genes were defined based on a hazard ratio for mortality \<1. Using these five significant PcG genes, a risk-score formula for survival time prediction was constructed according to a linear combination of the expression level of the PcG genes, weighted by the regression coefficient from Cox\'s univariate regression analysis ([@b13-ol-0-0-5753],[@b14-ol-0-0-5753]). According to this model, patients with high-risk scores are expected to possess poorer survival outcomes compared with patients with low risk scores. The risk scores were calculated as follows: (−1.153 × expression of EZH1) + (0.522 × expression of EZH2) + (1.103 × expression of PHF19) + (1.418 × expression of DNMT3A) + (0.757 × expression of DNMT3B). The 50th percentile risk score was used as the cutoff point, since this divided the training samples into two groups having different survival times with highest significance. Kaplan-Meier survival analysis was used to estimate the survival distributions, and log-rank tests were employed to assess the statistical significance between stratified survival groups using GraphPad Prism 5.0 statistical software (GraphPad Software, Inc., La Jolla, CA, USA). All data were presented as the mean ± standard deviation. P\<0.05 (two-tailed) was considered to indicate a statistically significant difference.

Results
=======

### Distinctive PcG expression in gliomas

In the present study, PcG expression patterns were initially compared between normal brain tissues and glioma samples of all grades in the CGGA set, using SAM analysis. A total of 12 differentially expressed genes among normal brain tissues and glioma samples were detected ([Table I](#tI-ol-0-0-5753){ref-type="table"}). Since our previous study reported the pro-oncogenic activity of EZH2 in GBMs ([@b15-ol-0-0-5753]), 11 additional significant genes were clustered according to the level of EZH2 expression. [Fig. 1A](#f1-ol-0-0-5753){ref-type="fig"} showed that five PcG genes \[EZH2, polyhomeotic homolog (PHC) 1, PHC2, polycomb group ring finger 6 (PCGF6) and DNMT3B\] were upregulated, and seven PcG genes (CBX6, CBX7, RING1 and YY1 binding protein, polycomb group ring finger protein 1, PHF1, sex comb on midleg homolog 1 and EZH1) were downregulated. Furthermore, six PcG genes (CBX6, CBX7, PHF1, EZH2, DNMT3B and PHC2) were significantly associated with glioma grade, as shown in [Fig. 1B-G](#f1-ol-0-0-5753){ref-type="fig"} (P\<0.01). In addition, results were validated in the GSE16011 dataset, and similar results were observed (data not shown).

### Identification of five PcG genes and their association with the survival of patients

To investigate the prognostic ability of the PcG, Cox proportional hazard regression of all PcG genes in 183 CGGA patients with glioma was performed by BRB array tools using the permutation test method ([@b16-ol-0-0-5753]). In total, five PcG genes (EZH1, EZH2, PHF19, DNMT3A and DNMT3B) were significantly associated with patient survival (permutation, P\<0.01; [Table II](#tII-ol-0-0-5753){ref-type="table"}). Risky PcG genes (EZH2, PHF19, DNMT3A and DNMT3B) were defined as those genes with a hazard ratio for mortality \>1. By contrast, genes with a hazard ratio for mortality \<1 were defined as protective PcG genes (EZH1). The five PcG genes were used to construct a signature by using the risk-score method. The distribution of PcG gene expression, patient risk scores and the survival status of 183 CGGA patients are shown in [Fig. 2A-C](#f2-ol-0-0-5753){ref-type="fig"}. Patients with low-risk scores tended to express high levels of protective PcG genes (EZH1), whereas patients with high-risk scores tended to express high levels of risky PcG genes (EZH2, PHF19, DNMT3A and DNMT3B).

The risk score formula, obtained from the training set, was then used to classify 183 patients in the CGGA set and 270 patients in the GSE16011 set into high- and low-risk groups, using the same cutoff point (the median risk score), and to predict their survival. In the CGGA set, the patients in the low-risk groups had longer overall survival than those in the high-risk groups (P\<0.0001; [Fig. 2D](#f2-ol-0-0-5753){ref-type="fig"}). Furthermore, in the GSE16011 data, the patients in the high-risk groups had shorter overall survival compared with those in the low-risk groups (P\<0.0001; [Fig. 2E](#f2-ol-0-0-5753){ref-type="fig"}).

To explore whether the PcG signature is an independent prognostic factor in patients with glioma, Cox\'s univariate regression analysis was conducted using the clinical characteristics of the CGGA and GSE16011 data. As shown in [Table III](#tIII-ol-0-0-5753){ref-type="table"}, the high-risk score group was significantly associated with grades (P\<0.0001) and not associated with gender distribution. In the CGGA set, the five-PcG signature \[hazard ratio (HR), 1.109; P=0.033\], grades (HR, 2.186; P\<0.0001) and age (HR, 1.038; P\<0.0001) were independent prognostic factors associated with overall survival. Similarly, the five-PcG signature (HR, 1.178; P\<0.0001) and grades (HR, 2.786; P\<0.0001) were also identified in the GSE16011 set.

### PcG signature can predict survival of patients within WHO grades and histological subgroups

The present study explored whether the PcG signature can distinguish high-risk vs. low-risk groups of patients within each grade and predict their survival. In the CGGA set, for low-grade gliomas, the PcG signature was significantly associated with overall survival of patients (P=0.0438). For high-grade gliomas, the results were similar (P=0.0011). Furthermore, subsequent analysis revealed that the PcG signature was also significantly associated with overall survival of anaplastic and GBM patients (P=0.0298 and P=0.0408; [Fig. 3A-D](#f3-ol-0-0-5753){ref-type="fig"}). In addition, similar results (P=0.0009, low-grade gliomas and P=0.0008, high-grade gliomas) were observed in the GSE16011 set. Although the P-value was \>0.05, the high-risk survival curve lies below the low-risk curve in anaplastic and GBM patients ([Fig. 4A-D](#f4-ol-0-0-5753){ref-type="fig"}).

The patients with glioma (with the exception of GBM patients) were then stratified using the histological subtype of O and A. In the CGGA set, the PcG signature was significantly associated with overall survival of O and A patients (P=0.0026 and P=0.0044; [Fig. 3E-F](#f3-ol-0-0-5753){ref-type="fig"}). However, in the GSE16011 set, the results were complex (P\<0.0001 for A and P=0.6093 for O; [Fig. 4E-F](#f4-ol-0-0-5753){ref-type="fig"}). These findings indicated that the PcG signature may almost predict patient survival within WHO grades and histological subgroups.

Finally, additional analysis was conducted on the association between the PcG signature and patient age. The entire CGGA patients (n=183; [Fig. 3G-H](#f3-ol-0-0-5753){ref-type="fig"}) and GSE16011 patients (n=270; [Fig. 4G-H](#f4-ol-0-0-5753){ref-type="fig"}) were stratified into an elder group (age \>50) or a younger group (age ≤50). Within each age group, the high-risk survival curve lay below the low-risk curve.

Discussion
==========

In mammals, PcG proteins play an important role in numerous aspects of development, whereas PcG deregulation may lead to oncogenesis ([@b15-ol-0-0-5753]). Our previous study reported that EZH2 is a negative prognostic factor and exhibits pro-oncogenic activity in GBM ([@b15-ol-0-0-5753]). BMI1 and CBX7 have been reported as oncogenes or tumor suppressor genes in different tumors ([@b17-ol-0-0-5753]--[@b20-ol-0-0-5753]). Nevertheless, the mechanism for PcG gene mediating gene repression remains unknown. Thus, to assess the role of PcG genes in gliomas, the CGGA data was analyzed for aberrant expression of all PRC1, PRC2 and PRC2-associated genes.

The survey revealed that CBX6, CBX7 and PHF1 were downregulated with ascending malignancy grades in glioma. CBX7 was the primary CBX protein assembled in PRC1, which was reported to be decreased in the majority of human malignant neoplasia, including thyroid ([@b21-ol-0-0-5753]), pancreatic ([@b19-ol-0-0-5753]), colon ([@b22-ol-0-0-5753]), lung ([@b23-ol-0-0-5753]), gastric ([@b24-ol-0-0-5753]), bladder ([@b25-ol-0-0-5753]) and breast ([@b26-ol-0-0-5753]) carcinomas. In addition, upregulation of CBX7 expression may affect the cell cycle, cell proliferation and the epithelial mesenchymal transition in carcinoma cells of different origins ([@b19-ol-0-0-5753],[@b27-ol-0-0-5753],[@b28-ol-0-0-5753]). PHF1 is a component of the PRC2 complex, which is essential for H3K27 methylation and Hox gene expression ([@b29-ol-0-0-5753]). Results of the present study revealed that PHF1 expression was significantly downregulated, and that PHF1 may function as a tumor suppressor in glioma (P\<0.01). CBX6 is a polycomb group protein and a component of the PRC1 complex ([@b30-ol-0-0-5753]). However, few studies showed expression changes of CBX6 in tumors ([@b10-ol-0-0-5753],[@b31-ol-0-0-5753],[@b32-ol-0-0-5753]).

An additional finding was that EZH2, DNMT3B and PHC2 were increased with the elevation of glioma malignancy. EZH2 was overexpressed and reported to be an important prognostic marker in several human cancers, including ovarian carcinoma ([@b33-ol-0-0-5753]), gastric cancer ([@b6-ol-0-0-5753]) and glioma ([@b15-ol-0-0-5753]). In GBM, EZH2 bound to signal transducer and activator of transcription 3 (STAT3), leading to enhanced STAT3 activity and promoted tumorigenicity of glioblastoma stem-like cells ([@b34-ol-0-0-5753]). In colon, gastric, breast and prostate cancers, EZH2 repressed E-cadherin through histone H3 Lys27 trimethylation, consequently promoting tumor progression, invasiveness and metastasis ([@b35-ol-0-0-5753],[@b36-ol-0-0-5753]). DNMT3B is one of the three known DNA methyltransferases with catalytic activity, and is responsible for the *de novo* methylation of DNA ([@b37-ol-0-0-5753]). DNMT3B level is increased in various cancer tissues and cell lines, indicating that it has an important role in tumorigenesis ([@b38-ol-0-0-5753]). PHC2 is a component of PRC1, which is expressed as two isoforms (phc2a and phc2b) and may be associated with CBX proteins ([@b39-ol-0-0-5753]). However, the role of PHC2 in cancer has not been investigated clearly.

Furthermore, the five-PcG genes (EZH1, EZH2, PHF19, DNMT3A and DNMT3B) that were significantly associated with patient survival were identified. It was then identified that the five-PcG signature was an independent prognostic factor, and it can predict patient survival time within WHO grades and histological subgroups.

In summary, the present study demonstrated that PcG may play a critical role during progression from normal brain tissues to high-grade gliomas. Furthermore, these findings highlight the potential value of the five-PcG signature as a useful prognostic biomarker and therapeutic target.
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![Differentially expressed genes between normal brain tissues and gliomas of increasing malignancy grades. (A) Heat map of a total of 12 genes identified as significantly different between normal brain tissues and gliomas by significance analysis of microarrays, sorted by level of EZH2 expression. Levels of (B) CBX6 (C) CBX7, (D) PHF1, (E) EZH2, (F) DNMT3B and (G) PHC2 were analyzed in different glioma tissues of Chinese Glioma Genome Atlas data. DNMT3B, DNA (cytosine-5-)-methyltransferase 3β; EZH1, enhancer of zeste homolog 1; EZH2, enhancer of zeste homolog 2; PCGF6, polycomb group ring finger 6; PHC1, polyhomeotic homolog 1; PHC2, polyhomeotic homolog 2; CBX6, chromobox protein homolog 6; PHF1, PHD finger protein 1; PCGF1, polycomb group ring finger protein 1; RYBP, RING1 and YY1 binding protein; SCMH1, sex comb on midleg homolog 1.](ol-13-04-2583-g00){#f1-ol-0-0-5753}

![PcG risk-score analysis of 183 patients and validation of the five-PcG signature for survival prediction by the CGGA and GSE16011 set. (A) The prognostic five-PcG signature risk-score distribution. (B) Survival status and time of patients. (C) Heat map of the five-PcG expression profiles. Rows represent PcG genes, and columns represent patients. Overall survival of (D) 183 patients in the CGGA set and (E) 270 patients in the GSE16011 set. PcG, polycomb group; CGGA, Chinese Glioma Genome Atlas; EZH1, enhancer of zeste homolog 1; EZH2, enhancer of zeste homolog 2; DNMT3A, DNA (cytosine-5-)-methyltransferase 3; DNMT3B, DNA (cytosine-5-)-methyltransferase 3α; PHF19, PHD finger protein 19.](ol-13-04-2583-g01){#f2-ol-0-0-5753}

![The five-polycomb group signature was tightly associated with prognosis within WHO grades, histological subgroups and each age group of gliomas in the Chinese glioma genome atlas set. (A) Low-grade gliomas (n=63). (B) High-grade gliomas (n=120). (C) Anaplastic gliomas (n=33). (D) GBM (n=87). (E) Astrocytoma gliomas (n=65). (F) Oligodendroglioma gliomas (n=23). (G) Younger group (age, \<50 years; n=128). (H) Elder group (age, ≥50 years; n=55). GBM, glioblastoma; WHO, World Health Organization.](ol-13-04-2583-g02){#f3-ol-0-0-5753}

![The five-polycomb group signature was tightly associated with prognosis within WHO grades, histological subgroups and each age group of gliomas in the GSE16011 set. (A) Low-grade gliomas (n=30). (B) High-grade gliomas (n=240). (C) Anaplastic gliomas (n=85). (D) GBM (n=155). (E) Astrocytoma gliomas (n=38). (F) Oligodendroglioma gliomas (n=51). (G) Younger group (age, \<50 years; n=130). (H) Elder group (age, ≥50 years; n=140). GBM, glioblastoma; WHO, World Health Organization.](ol-13-04-2583-g03){#f4-ol-0-0-5753}

###### 

Distinctive PcG expression in gliomas.

  A, Positive genes                                                                                     
  ------------------- --------- ----------- ---------- -------------- ------------------- ------------- ------------
  13                  EZH2      −2.69779    3.513838   2.83718        0.80743             7.146217      0
  23                  PHC1      −0.9938     1.958637   0.965258       0.492821            1.952413      0
  10                  DNMT3B    −1.11903    1.925787   0.980461       0.509122            1.973095      0
  22                  PCGF6     −0.45277    1.610712   0.57532        0.357184            1.490008      0
  24                  PHC2      −0.37176    1.308672   0.538816       0.411727            1.452779      4.95495495
                                                                                                        
  B, Negative genes                                                                                     
                                                                                                        
  Row                 Gene ID   Gene name   Score, d   Numerator, r   Denominator, s+s0   Fold change   q-value, %
                                                                                                        
  6                   CBX6      1.684784    −3.07648   −1.61744       0.525745            0.325912      0
  7                   CBX7      1.84724     −2.93163   −2.33339       0.795935            0.198417      0
  32                  RYBP      0.615774    −1.95196   −0.84237       0.431549            0.557728      0
  26                  PHF1      0.139365    −1.55231   −0.62273       0.401164            0.649441      0
  18                  PCGF1     0.186895    −1.31428   −0.4946        0.376323            0.70976       0
  12                  EZH1      0.46613     −1.25352   −0.68906       0.549698            0.620258      0
  33                  SCMH1     0.625105    −1.19795   −0.52556       0.438716            0.694689      0

EZH2, enhancer of zeste homolog 2; PHC1, polyhomeotic homolog 1; DNMT3B, DNA (cytosine-5-)-methyltransferase 3β; PCGF6, polycomb group ring finger 6; PHC2, polyhomeotic homolog 2; CBX6, chromobox protein homolog 6; CBX7, chromobox protein homolog 7; RYBP, ring1 and YY1 binding protein; PHF1, PHD finger protein 1; PCGF1, polycomb group ring finger protein 1; EZH1, enhancer of zeste homolog 1; SCMH1, sex comb on midleg homolog 1.

###### 

Five PcG genes.

  Gene ID   FDR        Permutation P-value   Hazard ration   Coefficient
  --------- ---------- --------------------- --------------- -------------
  EZH1      \<0.0001   \<0.0001              0.315           1.153
  DNMT3B    \<0.0001   \<0.0001              4.312           1.418
  EZH2      \<0.0001   \<0.0001              1.686           0.522
  PHF19     \<0.0001   \<0.0001              3.017           1.103
  DNMT3A    \<0.0001   \<0.0001              2.133           0.757

EZH1, enhancer of zeste homolog 1; DNMT3B, DNA (cytosine-5-)-methyltransferase 3β; EZH2, enhancer of zeste homolog 2; PHF19, PHD finger protein 19; DNMT3A, DNA (cytosine-5-)-methyltransferase 3α; FDR, false discovery rate.

###### 

Clinical characteristics of the in CGGA and GSE16011 data set.

  Characteristic                 Patients with high-risk PcG signature, %   Patients with low-risk PcG signature, %   P-value
  ------------------------------ ------------------------------------------ ----------------------------------------- ----------
  A, CGGA data set (n=183)                                                                                            
                                                                                                                      
  Total, n                       92                                         91                                        
  Age, years (mean ± SD)         38.25±10.90                                45.78±12.99                               0.015
  Gender                                                                                                              0.549
    Male                         50                                         54                                        
    Female                       42                                         37                                        
  Grade                                                                                                               \<0.0001
    Low                          59                                           4                                       
  High                                                                                                                
    III                          13                                         20                                        
    IV                           20                                         67                                        
                                                                                                                      
  B, GSE16011 data set (n=270)                                                                                        
                                                                                                                      
  Total, n                       135                                        135                                       
  Age, years (mean ± SD)         47.12±14.55                                52.88±14.93                               0.972
  Gender                                                                                                              0.52
    Male                         92                                         87                                        
    Female                       43                                         48                                        
  Grade                                                                                                               \<0.0001
    Low                          59                                           4                                       
  High                                                                                                                
    III                          13                                         20                                        
    IV                           20                                         67                                        

PcG, polycomb group; CGGA, Chinese glioma genome atlas; SD, standard deviation.
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